ABSTRACT. White matter lesion (WML) in magnetic resonance imaging is commonly observed in patients with cerebral small vessel disease (SVD), but the pathological mechanism of WML in SVD is still unclear. We observed the metabolism and microscopic anatomy of white matter in SVD patients. Twelve subjects clinically diagnosed with SVD and 6 normal control subjects were examined with magnetic resonance spectroscopy (MRS) and diffusion tensor imaging (DTI). The white matter at the centrum semiovale level was selected as the region of interest (ROI). The ROI metabolism parameters, including N-acetyl-l-aspartic acid (NAA), creatine (Cr), and choline (Cho) were measured by MRS. Microscopic parameters such as mean diffusion (MD) and fractional anisotropy (FA) in ROI were obtained by DTI. Compared with the normal control group, bilateral MD values in the SVD group were significantly elevated, whereas bilateral FA values in SVD were decreased, but the difference was not statistically significant. Additionally, NAA/Cho, Cho/Cr, and NAA/Cr showed no significant statistical differences. Our study suggests that the mechanisms of the SVD cognitive impairment are related to damage of the white matter structures rather than to brain metabolism.
INTRODUCTION
Cerebral small vessel disease (SVD), a subtype of cerebrovascular disease, affects small perforating arteries (Pantoni, 2010; Zhang et al., 2010) . Total occlusion of these vessels, which mainly supply basal ganglia and centrum semiovale (CS), causes subcortical lacunar infarction. Additionally, incomplete ischemia leads to leukoaraiosis, which are white matter lesions (WMLs), in conventional magnetic resonance imaging (MRI), with clinical symptoms such as selective cognitive impairment affecting executive function and working memory (Khan et al., 2007; van Dijk et al., 2008) .
The principal hypothesis for SVD cognitive impairment involves the interruption of frontal-subcortical circuits, leading to dysexecutive syndromes (Kramer et al., 2002; O'Sullivan et al., 2005; Schmidt et al., 2006) . White matter in the CS is the main component of the frontalsubcortical pathway. In addition, WMLs in SVD are often observed in CS. However, whether WMLs and selective cognitive impairment in SVD are correlated is controversial (Roman, 2004; Schmidt et al., 2005; Poggesi et al., 2011) . Furthermore, magnetic resonance spectroscopy (MRS) and diffusion tensor imaging (DTI) can detect white matter that is considered normal by conventional MRI with highly sensitive significant metabolic and anatomical abnormalities (O'Sullivan, 2010) . However, metabolic and structural studies of white matter in the CS of SVD subjects are rarely reported. We examined cerebral metabolism and the anatomical structure of white matter in the CS to verify the hypothesis of frontal-subcortical pathway damage.
MATERIAL AND METHODS

Patients
Similarly to SVD-based studies, the inclusion criteria for SVD subjects were (van Dijk et al., 2008; Nitkunan et al., 2008a,b) : 1) MRI indicated subcortical white matter lacunar infarction, with a diameter of less than 15 mm; 2) brain MRI showed subcortical leukoaraiosis; 3) right-handed and the left frontal lobe were the dominant sites; 4) patients provided consent to participate in the study. Exclusion criteria included: 1) patients with comorbidities of cortical or deep nucleus infarction, or focal neurological symptoms and signs including aphasia and paralysis; 2) patients with comorbidities of normal pressure hydrocephalus, brain injury, carbon dioxide poisoning, or hypoglycemia and other diseases which cause cranial MRI white matter abnormalities; 3) confirmed cardiac embolism infarction or intracranial macroangiopathy; 4) patients with comorbidity of depression who could not participate in cognitive examination; 5) patients with poor general conditions and comorbidities with severe diseases of vital organs or history of mental illness. A total of 12 patients, who were admitted to our department between October 2009 and December 2010, were included in the SVD, including 7 male and 5 female patients aged between 47 and 82 years. The control group included 6 (3 males and 3 females) normal, healthy subjects (age between 52 and 76 years) with no infarction or leukoaraiosis according to cranial MRI and no other major diseases.
Clinical information for SVD subjects and the control group was recorded in detail. Upon approval by the Ethics Committee of the First Affiliated Hospital of Jinan University, all SVDs and control group subjects were provided with free MRS and DTI examination.
MRS and DTI protocols
Conventional MRI, DTI, and MRS were performed as described previously (Li et al., 2011) . The imaging device was a 1.5-T MR scanner (Signa General Electric Medical Systems, Milwaukee, WI, USA) with gradient field magnitude 23 mT/m, gradient switch rate 120 mT·m
A head-cervical combined coil was used. Imaging sequences included a T1FLAIR, T2WI, FLAIR, diffusion weighting imaging (DWI), DTI, and MRS. Typical acquisition parameters of conventional MRI were: T1-FLAIR (6 mm thick, 2-mm gap, TR 1475/TE 21.3/TI 750.0 ms) and T2-FLAIR (3 mm thick, gap 0, TR 8000/TE 120/TI2, 200 ms). DTI was acquired using a single-shot Echo Planar Imaging (EPI) apparatus with the following parameters: TR 10,000/TE 115 ms; matrix 128 x 128; field of view 24 x 24 cm; thickness 3 mm, spacing 0 mm; diffusion coefficient b = 0, b = 1000 (s/mm 2 ); gradient orientation of the diffusion sensitivity (Alger, 2010) . The scanning time of DTI was 144 s. The scanning baseline was parallel to the antero-posterior commissural line. Axial slices covering the whole brain were obtained using a fast spin echo T2 (3 mm thick, gap 0, TR 5660/TE 107.7 ms). MRS was performed using the point resolved spectroscopy sequence after suppressing the water peak using a chemical-shift selective excitation with parameters of TR 1000/TE 144 ms, and NEX 1. During image collection, the subject's head was fixed with a pad to avoid motion artifact and shimming was used to reduce anamorphous caused by non-uniform static magnetic field.
Raw data from MRS and DTI were post-processed with the GE AW4.2 software (Signa General Electric Medical Systems). While acquiring the DTI data, the SE-EPI sequence and ramp sampling were considerably reduced without eliminating geometric distortions. Radiography image post-processing was carried by an experienced person who was unaware of the study purpose. The region of interest (ROI) test was the 15 voxel white matters of the CS in each side, and data involved were obtained from the ROI ( Figure 1A ). Each spectrum was evaluated for the presence of N-acetyl-l-aspartic acid (NAA), creatine (Cr), and choline (Cho). The peak areas of NAA, Cho, and Cr were present in each spectrum for further evaluation ( Figure 1B and C). To determine the precise location of the spectroscopic ROI in the anisotropy and diffusivity maps, scanner acquisition was coordinated and the CSI grid was mapped into the DTI space. Notably, after correcting EPI distortions, the threshold values were selected and the mean diffusing (MD) and fractional anisotropy (FA) images were obtained (Figure 2) . Additionally, the mean value of MD and FA in the ROI were calculated automatically.
Raw data from MRS and DTI were post-processed with the GE AW4.2 software. While acquiring the DTI data, the SE-EPI sequence and ramp sampling were considerably reduced without eliminating the geometric distortions. An experienced person who was unaware of the study purpose carried out radiograph image post-processing. The ROI examined was the 15 voxels white matter of the CS on each side. The data obtained on each side were from the ROI (Figure 1 ). Each spectrum was evaluated for the presence of NAA, Cho, and Cr, and the peak areas of NAA, Cho, and Cr were present in each spectrum for further evaluation. To determine the precise location of the spectroscopic ROI in the anisotropy and diffusivity maps, scanner acquisition coordinates and the CSI grid were mapped onto the DTI space. After correction of EPI, distortions and threshold values were selected, and MD and FA images were obtained. The mean value of MD and FA in the ROI were calculated automatically.
Data processing
Statistical analysis was performed by using SPSS (Version 13.0, SPSS, Inc., Chicago, IL, USA). The Shapiro-Wilk test was conducted for normality, where all variables were normally distributed except for NAA/Cr right. The independent-samples t-test and the Wilcoxon rank sum test were conducted to compare SVD and control groups.
RESULTS
Spectroscopy and tensor results of SVD patients
Spectroscopy and tensor results of SVD patients and control groups are shown in Tables 1 and 2 . N = number of cases; G = gender; M = male; F = female; MD = mean diffusions; FA = fractional anisotropy; NAA = N-acetyl-l-aspartic acid; Cho = choline; Cr = creatine. 
MRS and DTI images of the SVD Case 1
The white matter in the ROI was divided into 15 voxels by average ( Figure 1A ). Data were obtained from 15 voxels in the ROI on each side and the peak areas of NAA, Cho, and Cr were identified in each spectrum ( Figure 1B) . Additionally, the mean values of NAA, Cho, and Cr and metabolite ratios in the ROI were calculated automatically ( Figure 1C) . Data were obtained from 15 voxels in the ROI on each side and the peak areas of NAA, Cho, and Cr were found in each spectrum (B). Also, the mean values of NAA, Cho, and Cr and metabolite ratios in the ROI were calculated automatically (C). For abbreviations, see Table 1 . Figure 2 . DTI images of the SVD Case 1. It is to be noted that image was obtained and mean FA value of the ROI was calculated automatically (A), and MD image was obtained and mean MD value of the ROI was calculated automatically (B). For abbreviations, see Table 1 .
Notably, the image was obtained and mean FA value of the ROI was calculated automatically (Figure 2A) , and the MD image was obtained and mean MD value of the ROI was calculated automatically ( Figure 2B ). ences in the MRS parameters between the 2 groups (Table 3) . However, there was a statistical difference in the either side MD values (P < 0.05) between SVD and control. We also found that either side FA values in SVD were lower than those in the control group, although the difference was not statistically significant (Table 4) . 
MRS
DISCUSSION
MRS can non-invasively measure cerebral metabolism, including NAA, Cho, and Cr. The level of NAA, which is primarily located in mature neurons and neurites such as axons, indicates the functional status of the neuron. Involved in the formation of cellular membrane as a precursor of acetylcholine (neurotransmitter), Cho indicates the total choline cerebral content. Imaging parameters obtained from MD and FA are used to quantitatively detect abnormalities in the microstructure of the cerebral white matter. These white matter tracts in the cerebral white matter are highly directional. While MD indicates the speed of diffusion but not its anisotropism, i.e., the mean magnitude of the diffusion of water molecules in all directions, FA reflects anisotropism characteristics of water molecules in the brain (Oouchi et al., 2007; Alger, 2010) .
Regarding information of region, rather than the whole brain, differences in white matter integration is valuable, particularly when the goal is to correlate white matter measures with cognitive measures (Nitkunan et al., 2008a; Patel and Markus, 2011) . White matters in the CS has been suggested as a key region for detecting the white matter damaged by various cognition impairments such as vascular dementia, extremely preterm infants, and norexia nervosa, among others (Skiöld et al., 2010; Zhang et al., 2011; Blasel et al., 2012) .
Previous studies have shown that WMLs affect the clinical outcome in patients with acute striatocapsular stroke, and WMLs were presumed to disrupt frontal-subcortical network integration (Held et al., 2012) . Using DTI technology and dynamic observation, Charlton et al. (2010) studied 84 healthy middle-aged and elderly subjects and found that changes in WMLs and cerebral volume were not correlated with cognition, while according to DTI the values of FA and MD were significantly correlated with the working memory during cognitive decline. Table 4 . Comparing DTI parameters in SVD (means ± SD).
For abbreviations, see Table 1 .
In our study, MD is more significant than the FA between SVD and control groups. Because the value of MD indicates the speed of diffusion and is relatively independent of the location measured in the brain, FA values are very dependent on the degree of white matter organization and finally in the location where it is measured (Stebbins et al., 2007; van Norden et al., 2012) . Because multiple fibers are found in the ROI, they may all have different destinations. FA in ROI does not necessarily reflect an underlying lower structural integration. Our study further highlighted that compared to the control groups, frontal-subcortical circuit anatomical integration are damaged in SVD. Previously, MRS research studies of 20 healthy elderly individuals found that executable and noticeable abilities were correlated with NAA concentration in the frontal white matter (Valenzuela et al., 2000) . Nitkunan A et al. (2009) studied SVD and control subjects in the entire central region of CS with MRS and DTI, and found that mean DTI parameters were changed in SVD and correlated mean NAA. However, the ROI in Nitkunan studies were not accurately selected. Not only the entire central region of CS, but also other structures such as the callosum, consists of white matter. Beppu et al. (2012) examined bilateral white matter separately in the CS with DTI in carbon monoxide, which could poison the patient, and found that the mean FA was significantly lower in patients displaying chronic symptoms than in patients without chronic symptoms or controls. The ROI selected in our study was similar to that used in Beppu's study, as bilateral white matter selected as ROI is widely used in many MRS studies (Skoch et al., 2008; Alger, 2010) . Quantitative study of MRS more accurately measures the concentration of metabolites such as NAA, Cho, and Cr, as well as the relationship of their rates with each other, such as NAA/Cho, NAA/Cr and Cho/Cr. The metabolite ratio of quantitative MRS is widely used in cerebral disease to eliminate the influence of any external magnetic field or living organisms (Skoch et al., 2008; Nitkunan et al., 2009) . By selecting each side white matter in the CS as ROI and calculating the metabolic ratio, our study found no significant statistical difference in MRS parameters, including NAA/Cho, NAA/Cr and Cho/Cr, between the SVD and control groups, suggesting that cerebral metabolism may not have a major role in pathogenesis of SVD. Nitkunan A et al. (2009) found that differences in NAA between SVD patients and controls were not significant after controlling for T2 lesion volume within each ROI, and no correlations between cognitive scores and any brain metabolite in SVD patients were observed.
In conclusion, our results showed that SVD subjects had anatomical damage but no cerebral metabolism changes in centrum semiovale white matter, suggesting that the mechanisms of SVD cognitive impairment are related to damage to white matter structures, but not to brain metabolism. The loss of white matter integration in SVD identified by DTI is not likely caused by cerebral metabolism changes, validating large-sample and multi-center combination studies.
